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Shape memory metamaterials with tunable thermo-mechanical response via hetero-epitaxial integration: A molecular dynamics study We show that nanoscale epitaxial superlattices (SLs) can be used to engineer the energy landscape that governs the martensitic transformation in shape memory alloys and tune their thermomechanical response. We demonstrate the approach using large-scale molecular dynamics simulations of a SL material consisting of alternate layers of a shape memory Ni-rich NiAl alloy and NiAl B2 alloy. The non-martensitic NiAl alloy was chosen to reduce the energy barrier that separates the martensite and austenite phases of the SL and its incorporation leads to a reduction in the thermal hysteresis of the transition. This is a desirable feature in applications involving actuation and our approach represents a generally applicable and powerful avenue to engineer desired behavior in mechanically active materials. Strain engineering of thin films by epitaxial integration on appropriately chosen substrates is a powerful avenue to manipulate their response and engineer properties or performance not achievable in the bulk. Striking examples include Si-Ge heterostructures with enhanced carrier mobility, 1 multiferroics with enhanced polarization, [2] [3] [4] BiFeO 3 where piezoelectricity is introduced by creating a morphotropic phase boundary, 5 and achieving room temperature ferroelectricity in SrTiO 3 thin films 6 an otherwise nonferroelectric perovskite. In all these examples the substrate is chosen to impose the desired strain to the epitaxial film but is otherwise inactive. In this paper, we investigate epitaxial superlattice (eSL) shape memory alloys (SMAs) where both components actively participate in the thermo-mechanical response of the metamaterial and are chosen to engineer desired properties.
Shape memory alloys derive the unique ability to recover their original shape after inelastic deformation upon heating as well as super-elasticity from a solid-solid, diffusionless phase transformation called martensitic. In this phase transition, a high-symmetry phase (austenite) transforms to a lower-symmetry phase (martensite) upon cooling or by the application of stress. The performance of SMAs depends on the transition temperature and stress, the hysteresis in the transformation on the complex microstructures that develop during the transformation and the deformation mechanisms of the martensite. These properties depend on chemistry, 7, 8 processing, 9 and even specimen size 10 and significant effort has been devoted to the characterization and optimization of these variables. We propose a different approach: the use of eSL of appropriately chosen materials to modify the energy landscape that governs the martensitic transformation to engineer desired properties. As an example of the approach, we set out to minimize the thermal hysteresis of the transition that causes fatigue failure during cyclic thermal or mechanical loading and limits the use of these materials as mechanical actuators. 7, 8 Using molecular dynamics (MD) simulations, we show that by epitaxially integrating appropriately chosen materials a significant reduction in hysteresis is possible with minimal degradation in the actuation strain of the system. We focus on ideal structures with perfectly coherent and sharp interfaces to establish the performance limits of the approach.
The remainder of the paper is organized as follows. Section II describes the NiAl alloys of choice and simulation details. Section III shows the process to select the two compositions to be integrated and MD simulations to test the performance of the eSL systems relative to the bulk alloys. Section IV discusses our results and possible future work and conclusions are drawn in Sec. V.
II. MATERIAL OF CHOICE AND COMPUTATIONAL DETAILS
A. NiAl alloys and martensite transformation Disordered Ni x Al 1Àx alloys are known to undergo martensite phase transformation upon rapid cooling or quenching and exhibit shape memory behavior for x between 0.61 and 0.65. [11] [12] [13] The high-temperature high-symmetry austenite phase is based on the B2 crystal structure with the extra Ni atoms at random lattice positions and the low-temperature martensite has a tetragonal, L1 0 crystal structure obtained by elongating the a and b lattice parameters by $4.7% and contracting c by approximately 8.4% for Ni 0.63 Al 0.37 . These alloys are attractive to explore eSL since small changes in composition lead to a variety of behaviors. The family of alloys includes SMAs with varying martensite transition temperatures up to the B2 Ni 0.5 Al 0.5 system that does not exhibit a phase transition. 
B. Simulation details
We explore NiAl-based eSL SMAs using large-scale MD simulations using the LAMMPS parallel simulator, 14, 15 with an embedded atom model developed by Farkas et al. 16 We use a 1fs time-step to integrate the equations of motion with a velocity Verlet algorithm; thermostat and the barostat 17, 18 relaxation constants are set at 0.01 ps and 0.1 ps, respectively. As will be seen in the following subsection, the interatomic potential used accurately captures the martensite phase transformation in disordered NiAl alloys, its dependence on chemical composition and the cohesive energy, lattice parameter and elastic constants of B2 Ni 0.5 Al 0.5 .
C. Model validation: phase transformation temperatures
Given that we will use NiAl alloys of different compositions to create the eSL materials an accurate description of the role of composition on martensite transformation is important. Phase transformation temperatures for eSL materials and for single-phase alloys are obtained from heating and cooling simulations. We gradually cool the systems from T ¼ 800 K to T ¼ 25 K in steps of 25 K every 250 ps using constant stress and temperature (NPT) simulations followed by heating using the same rate and approach. The cooling/ heating rate of 10 11 K/s is large compared to experiments but typical of MD simulations. Figure 1 shows that upon cooling the structures transform to the tetragonal phase rapidly below a critical temperature (M s ), one of the {001} directions contracts and the other two {001} directions expand. We compare the calculated M s temperature as a function of Ni content from our large-scale MD simulations with those values obtained from experimental measurements on single crystals 21 and cast samples 22 for validation, see Fig. 2 . The simulations accurately capture the trend of increasing M s temperature with increasing Ni content and the absence of martensite transformation in alloys containing less than 61 at. % Ni which is consistent with experimental observation. [11] [12] [13] The transition temperatures obtained from the MD simulations are slightly lower than the available experimental data; fast cooling rates and defect-free samples would tend to lower the transition temperature and likely contribute to the discrepancy. As expected, the MD simulations predict a large hysteresis for the defect free Ni 0.63 Al 0.37 alloy: 23 the austenite finish (A f ) temperature is 1150 K and the martensite start (M s ) one is 125 K.
D. Free energy landscapes
To understand the expected performance of the eSL and find optimal material combinations we compute the free energy landscape that governs the martensite-austenite phase transformation. To compute these landscapes we strain single-phase alloys from the austenite to the martensite phases via MD simulations where we quasi-statically strain along the x and y directions and let the cell parameter along z to adjust to 1 atm pressure with a barostat; a thermostat is used to maintain constant temperature. The simulations consist of 80 Â 80 Â 40 unit cells (22.4 nm Â 22.4 nm Â 11.2 nm and 5 12 000 atoms) are large enough to yield converged results. We start with the austenite structure (with lattice parameter 2.8 Å ) and continuously strain both the x and y directions to cover the entire transition to martensite; the total simulation time is 1.2 ns for which we observe no rate dependence. Changes in free energy during bi-axial deformation are obtained by numerically integrating stress and strain over the entire isothermal deformation path. The change in free energy can be obtained from the differential The proposed epitaxial integration forces the two components to share the same in-plane lattice parameter while the normal direction relaxes to ambient stress and our first step is to identify two alloy candidates expected to exhibit the desired synergy when integrated. The thick solid line in Fig. 3 shows the room temperature free energy of a Ni 0.63 Al 0.37 random alloy as a function of bi-axial strain (with ambient stress in the third direction) spanning the austenite to martensite transition. We see (thick solid line in Fig. 3 ) that at 300 K, martensite is the equilibrium phase and austenite is metastable. A barrier of $2.6 meV/atom has to be overcome from austenite to martensite and the reverse transformation involves a $3.3 meV/atom barrier; these values are comparable to the ones predicted for martensite transformation in Ti 24 and NiTi. 25 This free energy landscape indicates a significant thermal hysteresis as can be confirmed by MD simulations of cooling and heating of the same Ni 0.63 Al 0.37 sample (dotted magenta line in Fig. 4) .
The free energy landscape of the Ni 0.63 Al 0.37 alloy, Fig. 3 , indicates that in order to reduce the hysteresis associated with the phase transition one would like to epitaxially integrate it with a material with an energy minimum for inplane lattice parameter matching that of the barrier for the Ni 0.63 Al 0.37 . The ordered B2 Ni 0.5 Al 0.5 (thick dashed line in Fig. 3 ) exhibits the desired properties and represents a good candidate for the eSL metamaterial. The thin black lines in Fig. 3 show estimated energy landscapes for a family of eSL metamaterials obtained from epitaxially integrating various amounts of the martensitic Ni 0.63 Al 0.27 and the nonmartensitic Ni 0.5 Al 0.5 . These curves are obtained from a weighted average of the two single-material curves and assume perfect epitaxial integration with no defects and a negligible effect of the interface between the two components. Per our design, the energy barrier between martensite and austenite decreases with increasing amounts of Ni 0.5 Al 0.5 . An undesired feature of the eSL is also apparent in the family of energy landscapes in Fig. 3 : the strain associated with the transition is predicted to diminish with the addition of Ni 0.5 Al 0.5 as the two energy minima approach one another.
Before using large-scale MD of the proposed eSL structures to characterize their thermal response and test our hypothesis, we discuss the possibility and limits of coherent integration of the two materials chosen. The inherent lattice instability associated with the martensite transformation significantly increases the limit of coherent integration from what could be expected from a linear elastic material; [26] [27] [28] this was experimentally demonstrated in magnetic shape memory alloys where coherent films as thick as 50 nm were grown on substrates with lattice parameters spanning the entire Bain path. 29 In our case, even the non-martensitic B2 Ni 0.5 Al 0.5 alloy exhibits an energy landscape that facilitates epitaxial integration; the energy-biaxial strain curve exhibits a sharp decrease in slope for in-plane lattice parameter of $2.97 Å so the energetic cost of taking the B2 to the martensitic lattice parameter is significantly lower than for a linearelastic material. Fig. 4 . This transformation occurs abruptly for pure Ni 0.63 Al 0.37 alloy and it becomes more gradual or sluggish in the eSL metamaterial with increasing amount of Ni 0.5 Al 0.5 alloy. More importantly, as expected, the hysteresis also decreases. Figure 4 also shows how the austenite and martensite lattice parameters depend on eSL composition and shows the expected decrease in actuation strain (difference between the martensite and austenite) with increasing amount of NiAl. We find that SL metamaterials with less than 30% Ni 0.63 Al 0.37 alloy fail to transform to martensite upon cooling to 25 K. Since the energy barrier associated with the transformation is lowered by the epitaxial addition of Ni 0.5 Al 0.5 , we expect the M s temperature to increase and A f to decrease with increasing amount of Ni 0.5 Al 0.5 . This can be confirmed from Fig. 4 . Figure 5 quantifies how the transformation hysteresis, defined as A f -M s , 7, 8 decreases with increasing fraction of Ni 0.5 Al 0.5 alloy. Thus, our MD simulations confirm that the transformation temperatures and the transformation hysteresis can be successfully tuned by engineering the energy barriers for transformation using eSL structures. Interestingly, the observed change in M s temperature is much lower than the change in A f. This is because the presence of Ni 0.5 Al 0.5 alloy leads to a penalization of the martensite phase, increasing its free energy relative to austenite. Thus, the decrease in energy barrier for the martensite to austenite transformation is higher than that for the transformation in the opposite direction. For example, in eSL metamaterial containing 80% Ni 0.63 Al 0.37 and 20% Ni 0.5 Al 0.5 the M -A energy barrier is reduced by approximately 58% whereas the A ! M energy barrier is reduced only by approximately 46% when compared to 100% Ni 0.63 Al 0.37 . These explicit simulations confirm the expectation of reduced hysteresis and transformation strain with increasing Ni 0.5 Al 0.5 content and provide quantitative information about the performance of the eSLs.
In addition to thermal hysteresis, Figure 5 shows the phase transition strain along [001] (defined as the change in lattice parameter between martensite and austenite upon complete transformation) as a function of Ni 0.63 Al 0.37 alloy content in the eSL. For the eSL structures with Ni 0.63 Al 0.37 alloy content less than 50%, for which the observed phase transformation is gradual, the martensite lattice parameter is chosen as by linearly extrapolating the observed trend to zero temperature. The (desired) relative decrease in thermal hysteresis is more pronounced (by a factor of approximately three) than the (undesired) relative decrease in actuation strain showing that epitaxial integration leads to improved performance. For example, an eSL metamaterial containing 70% Ni-rich alloy is predicted to exhibit only 40% of the hysteresis of the pure material with a decrease in actuation of only approximately 18%. These results indicate that such eSL metamaterials would be attractive for applications involving actuation with the potential of improved fatigue resistance.
IV. DISCUSSION
In this initial study of eSL to tune thermo-mechanical properties, we focus on model nanostructures with perfectly sharp and coherent interfaces between the two phases as our primary focus is to understand the physics and performance limits of these materials. It should also be noted that the effect of strain is fully accounted for in the simulations since the laminate period is negligible compared to the in-plane dimensions of the specimens rendering lateral surface relaxation negligible. Future simulations or experiments to characterize the role of graded composition across phase interfaces and misfit dislocations would provide important additional data regarding the possible performance of such materials. In addition, the investigation of potential diffusion barriers to be integrated into the systems to maintain the composition difference between the two phases may be important for the practical realization of mechanically active eSL metamaterials.
We note that all our simulations lead to a single martensite variant. This is not due to a limitation or unphysical constraints of our simulations; all-atom simulations can result in multi-domain structures. 19 In the eSL structures, a single variant is observed since the bi-axial stress imposed on the Ni 0.63 Al 0.37 sections by the Ni 0.5 Al 0.5 components breaks the symmetry and one of the three possible variants will be preferred. As the laminate thickness increases, we expect a buildup of the misfit stress and a twinned martensite structure to form. Lack of surfaces in our current model also prevents twinning structure. 30, 31 In our homogeneous simulations the presence of a single variant is likely due to the small system size. 19 
V. CONCLUSIONS
In summary, we computationally explored the potential of epitaxial integration of metamaterials for energy landscape engineering of mechanically active materials with the goal to tune their thermo-mechanical response. We engineered the energy landscape of a shape memory NiAl alloy to reduce the thermal hysteresis involved in the martensite phase transformation that governs its response. This is achieved by nanoscale epitaxial integration with a nonmartensitic alloy that exhibits an energy minimum for the lattice parameter corresponding to the energy barrier of the active material. The intrinsic lattice instability of phase changing materials facilitates their coherent integration over a large range of lattice parameters. As distinct aspect of this study with respect to previous work on strain engineering of thin films via epitaxy is that both components of our metamaterial are active and their combined energy landscape is engineered. We foresee that energy landscape engineering is generally applicable to a wide range of active materials in addition to SMAs including ferroelectrics and multiferroics.
